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Abstract

Circadian rhythms are daily cycles in biological function that are ubiquitous
in nature. Understood as a means for organisms to anticipate daily envi-
ronmental changes, circadian rhythms are also important for orchestrating
complex biological processes such as immunity. Nowhere is this more evi-
dent than in the respiratory system, where circadian rhythms in inflamma-
tory lung disease have been appreciated since ancient times. In this focused
review we examine how emerging research on circadian rhythms is being
applied to the study of fundamental lung biology and respiratory disease.
We begin with a general introduction to circadian rhythms and the molec-
ular circadian clock that underpins them. We then focus on emerging data
tying circadian clock function to immunologic activities within the respira-
tory system. We conclude by considering outstanding questions about bi-
ological timing in the lung and how a better command of chronobiology
could inform our understanding of complex lung diseases.
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INTRODUCTION

Around the year 100 CE, a Greek physician named Arataeus of Cappadocia recorded the earliest
account of an asthma exacerbation that has survived to modern times (1). Detailed in his narrative
are the cardinal symptoms of asthma, including chest tightness, cough, and shortness of breath.
However, also woven into Arataeus’ description was an observation about timing: Asthma symp-
toms tended to occur during the night or during sleep (2).What was true about asthma in Arataeus’
time remains true today: Asthmatic patients tend to develop exacerbations during the night, and
nocturnal symptoms constitute part of the modern definition of asthma (3–5).We now recognize
that many diseases are defined not just by stereotypical symptoms but also by characteristic times
of day when those symptoms become apparent, a phenomenon called a circadian rhythm.

Circadian rhythms are daily variations in biological function that have been recognized for
centuries to be present in virtually all organisms.The last several years have seen a new enthusiasm
for exploring how circadian rhythms affect disease, thanks to the recent discovery of their genetic
and molecular underpinnings. Across multiple biomedical disciplines, researchers are revisiting
ancient observations about the temporal character of physiology and disease and translating them
into molecular terms.

In this focused review, we examine how the new molecular paradigm for circadian rhythm
generation is being applied to respiratory disease research. Our specific emphasis is to consider
emerging evidence connecting complex immunologic activities such as inflammation to circadian
timing within the lung. We conclude by considering what circadian gating of immunity might
imply about the fundamental biology of lung disease.

RHYTHMS, CLOCKS, AND HOURGLASSES

Biological rhythms are any predictably repetitive activity observed in living things.They are every-
where in nature and occur across diverse time frames: from themillisecond-scale rhythms of action
potentials to 17-year rhythms of cicada reproduction (6).However, daily circadian rhythms receive
special attention because of the significant impact of the day-night cycle, caused by the rotation of
the earth about its axis. The ability to anticipate daily environmental changes represents a power-
ful selective advantage, and model organisms whose circadian rhythms are genetically disrupted
tend to be less reproductively fit than wild-type counterparts (7–9). What exactly about circadian
rhythms makes organisms more fit is difficult to define because the phenomenon is so ubiquitous:
from behavioral sleep-wake cycles to the rhythmic abundance of individualmRNA species.Adding
to the confusion is that many circadian rhythms provide no obvious selective advantage, for exam-
ple, daily rhythms in the efficiency of antigen presentation (10–12). Some circadian rhythms are
not anticipatory at all: For example, rhythms in cortisol seem to function as an “ignore me” signal
to prevent unwanted adipogenesis rather than to peg the effect of this hormone to a specific time
(13). Finally, some ill effects of interfering with circadian rhythms appear to localize to either the
embryo or the uterine environment, a place of relative environmental constancy (14). Regardless
of why circadian rhythms evolved, they are clearly imbedded in the operating system of organ-
isms, a framework around which the complex and disparate biological processes that constitute
physiology are organized. It is telling that interfering with circadian rhythms through either ge-
netic or environmental manipulation is registered by organisms as stressful and elevates systemic
inflammatory markers (15, 16). Over the long term, chronic circadian disruption in humans and
model organisms is associated with increased rates of heart disease, metabolic syndrome, and can-
cer (including lung cancer) (17, 18). Clearly, circadian rhythms are medically relevant, including,
as we detail below, in the context of respiratory disease.
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In principle, circadian rhythms can be generated via two mechanisms (19). They can be
a response to a fixed daily event such as sunrise, but without that daily cue they would fade
away (an hourglass mechanism). Alternatively, they can be generated by a self-sustaining inter-
nal chronometer that is not reliant on external stimuli for their perpetuation (a clock). Through a
series of classic experiments conducted over centuries (20), circadian rhythms were shown to em-
anate from an internal biological clock with certain universal characteristics. First, circadian clocks
have an intrinsic periodicity that is slightly shorter or longer than 24 h, depending on the species.
It can be observed by removing organisms from cyclical light and food cycles (this is called free
running). Second, the phase of the circadian cycle is programmable by environmental cues such as
light and food availability, a phenomenon known as entrainment.Whether exposure to such cues
(or zeitgebers) causes a circadian rhythm to spring forward or fall behind depends on where in the
cycle the organism is when it encounters the cue (this is called a phase-response curve). Finally,
the intrinsic periodicity of circadian rhythms is independent of ambient temperature (temperature
compensation) (19). Technically a biological rhythm is circadian only if it satisfies all of the above
properties (21). However, some biological rhythms labeled as circadian in the literature have not
always satisfied the formal definition. While many of these activities may not be directly driven
by the circadian clock, they are often coupled to a process that is. For example, daily variations in
the intestinal microbiome of mice depend on circadian feeding patterns but are not themselves di-
rectly clock driven (22). More germane to the respiratory system, oxygen consumption is directly
clock driven in rodents, but rhythms in CO2 excretion are a product of feeding patterns (23).
The key point is that the day-to-day temporal organization of organisms represents a partnership
between circadian clock-driven processes and hourglass processes that are coupled to them by
specific circadian outputs such as feeding behavior.

CIRCADIAN SWINGS IN LUNG PHYSIOLOGY

Circadian rhythms in respiratory function were long appreciated by physicians, but a physiologic
description had to await accurate lung mechanics measurements developed in the twentieth cen-
tury. Three aspects of respiratory system function were noted by physiologists to have a circadian
rhythm. The first is a daily oscillation in airway caliber, reflected in airway resistance measure-
ments such as forced expiratory volume in 1 second (FEV1) or peak expiratory flow rate (24). Air-
ways are at their narrowest (and therefore confer the highest resistance and lowest peak flow) in
the early morning between 2–5 am, precisely the interval when asthmatics have the highest likeli-
hood of respiratory symptoms (25).Nighttime increases in airway resistance are further magnified
in subjects who are permitted to sleep (26, 27), perhaps due to increased parasympathetic tone.
The degree of variation in airway resistance in healthy humans is too small to cause symptoms but
becomes clinically impactful when airway diseases such as asthma, chronic obstructive pulmonary
disease (COPD), or chronic cigarette smoking are superimposed (28). This magnification of cir-
cadian variation can even be seen in children exposed to secondhand smoke who presumably lack
chronic airway remodeling (29).

The second classic rhythm in respiratory physiology is the ventilatory response to hypercapnia
(elevated CO2 blood levels). Humans are relatively tolerant of CO2 buildup in the early morning,
corresponding to the same times of day when airway resistance is highest (30). This arrangement
probablyminimizes thework of breathingwhile asleep for healthy individuals but has an important
pathological drawback: It predisposes humans to develop sleep apnea (31).

A final classically described circadian rhythm in the human lung is pathological in nature and
involves the airway response to an inhaled allergen. Asthmatics challenged with an allergic trigger
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develop bronchospasm in a biphasic manner: an early asthmatic response that occurs within an
hour of encountering antigens and typically spontaneously resolves, followed by a late asthmatic
response characterized by increased airway resistance and inflammatory cell infiltration into the
airway several hours later (32). The dose of allergen needed to trigger acute bronchospasm varies
with the time of day, with allergens being maximally potent if given at night (33–35). However,
regardless of the time of trigger exposure, the late asthmatic response appears to be gated to the
early morning hours that coincide with the normal circadian nadir in airway caliber (32). The
late asthmatic response can recur for several subsequent nights after an asthma trigger (36) and is
accompanied by rhythmic increases of lymphocyte infiltration into the airspaces (37). To summa-
rize, the human respiratory system exhibits circadian variations in airway mechanics, ventilatory
control, and immune function. The clinical importance of these rhythms has long been appre-
ciated, but until recently we lacked the tools to understand the molecular biology behind this
phenomenon. That all changed with the discovery of circadian clock genes.

TO THE BEAT OF A CIRCADIAN DRUMMER

The current explosion in circadian rhythm research arose from mutational screens that identi-
fied genes important for circadian patterns of activity in flies and rodents (38). The phylogenet-
ically conserved genes cloned from these screens (clock genes) proved to be bHLH-type tran-
scription factors or interacting partners of these transcription factors that collectively regulate
transcriptional activity near E-box promoter motifs (39). The current molecular clock model
in mammals (Figure 1) situates a transcription factor heterodimer composed of the proteins

BMAL1

CLOCK

RORs

Per1/2

Cry1/2

Bmal1RRE

Clock

REV-ERBsE-box

E-box

E-box

E-box

Figure 1

Schematic depiction of the core circadian clock for mammals. Clock genes are depicted as arrows, and their
protein products are represented as ovals or circles. Yellow boxes depict E-boxes or ROR-responsive
elements (RREs) that are bound by BMAL1/CLOCK or REV-ERB/ROR proteins, respectively. For
simplicity, we have not depicted accessory proteins such as casein kinase 1δ/ε (CK1δ/ε) that serve to adjust
periodicity and phase of the clock but are not central to rhythm generation (39). Note that there are
additional molecular clock constituents (also not depicted) that are expressed selectively in the central
nervous system, for example, NPAS2 (a functional homologue of CLOCK) and DEC1/2 (that provide
additional negative feedback to BMAL1/CLOCK) (68, 142).
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BMAL1/ARNTL1/MOP3 and CLOCK at the core of the pathway (39). BMAL1/CLOCK is
a histone acetyltransferase and promotes gene expression by making the chromatin landscape
around E-box-containing genes more permissive to transcription as opposed to directly recruit-
ing RNA polymerase (40). Among the hundreds of E-box-containing genes transactivated by the
core complex are the negative regulatory factors per1–3 and cry1–3 whose gene products bind to
and inhibit BMAL1/CLOCK activity. Other clock genes, such as rev-erbα,β and rorα−γ , recip-
rocally regulate bmal1 and clock gene expression (39). The cumulative result of all this feedback
is that the expression of circadian clock genes oscillates with roughly a 24-h periodicity, thus in
a sense biochemically encoding the time of day. Several targets of molecular clock regulation are
themselves pleiotropic transcription factors, for example, PAR-domain basic leucine zipper tran-
scription factors (DBP, TEF, and HLF) and peroxisome proliferator–activated receptors (PPARs)
(41, 42). Through these downstream effectors as well as others, the molecular circadian clock
imparts a daily temporal structure on gene expression and, by extension, protein and metabolite
abundance. The system contains a high level of genetic redundancy: A deletion of at least two
per, cry, or rev-erb genes are needed to inhibit behavioral circadian rhythms in mice. The one ex-
ception is bmal1, where deletion of this single gene appears to break the clock (43). Remarkably,
mutations that shorten or lengthen the periodicity of per and cry gene expression provoke cor-
responding changes to the periodicity of organism activity patterns, including humans (44–46).
Clock genes are a rare example where the dynamic behavior of a gene scales directly up to the
dynamic behavior of an organism.

As powerful as the molecular clock pathway is as a model, it is worth pointing out some obser-
vations that are hard to reconcile with the canonical paradigm.The oscillation of some clock genes
such as bmal1 are dispensable for maintaining circadian rhythms in activity (47).Moreover, not all
clock-driven circadian rhythms in nature require transcription: Cyanobacterial circadian rhythms
are driven by cyclical phosphorylation of a divergent group of proteins (48), while rhythms in
reactive oxygen species (ROS) generation in erythrocytes occur in the absence of a nucleus (49).
Nor are clock genes necessarily the sole seat of temporal information within nucleated cells: Mi-
tochondrial respiration exhibits circadian variation, and depleting cells of mitochondrial DNA
damps clock gene oscillations (50). Finally, circadian gene expression in cells grown in vitro is
much less robust than in vivo, suggesting that cell intrinsic clocks are not enough by themselves
to recapitulate the full temporal dynamics of organisms (51, 52). It is probably too simplistic to say
that clock genes are in charge of circadian rhythms in cellular physiology; rather, they represent
a genetic cog in a complex oscillatory system, including all classes of biomolecules within cells as
well as communication between cells (53, 54). Nevertheless, clock genes and the paradigm built
around them represent a major advance that allows us to use modern tools of genetics to examine
the circadian contributions to lung disease.

In principle, any feedback loop, transcriptional or otherwise, can produce oscillations. It is rea-
sonable to ask why clock genes, as opposed to any other transcription factor network, became
the drivers of circadian rhythms in higher organisms. One potential reason is that the clock net-
work has extensive cross-talk with multiple aspects of cellular physiology. For example, clock gene
products interact extensively with nuclear receptors, 50% of which exhibit circadian variations
in expression (in fact, the REV-ERB and ROR families of clock proteins are themselves classi-
fied as nuclear receptors) (55, 56). The natural ligands of the nuclear receptor family are diverse
small metabolites such as heme, sterols, and retinoids (57, 58). As a result, clock gene products
are functionally receptive to the metabolic status of cells. Another aspect of clock proteins is their
promiscuous protein–protein interactions that connect them to diverse regulatory systems. For
example, BMAL1 is not just a nuclear transcription factor but also interacts with the translation
machinery in the cytoplasm (59). PER2 interacts with the mTOR complex, giving it a connection
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to nutrient sensing and protein catabolism (60). CRY1 regulates gluconeogenesis in part through
interactions with G protein–coupled receptors (61). Clock gene products also appear to bind to
other nonclock transcription factors, both ubiquitously expressed proteins such as nuclear recep-
tors and tissue-specific factors such as HNF6 (62, 63). Finally, clock gene products are sensitive
to numerous forms of covalent modifications that enable diverse feedback regulation, including
phosphorylation, SUMOylation, acetylation, and ubiquitination (64). Taken together, the clock
gene network combines a deep embedding into cellular metabolism with programmability, mak-
ing it ideal for aligning cellular physiology with the solar day.

ONE CLOCK TO RULE THEM ALL

Because the most easily observable circadian outputs in mammals are behavioral, one might think
that the molecular clock would operate selectively in the central nervous system. However, it be-
came clear early on that clock genes are expressed in most nucleated cells in mammals, allowing
individual peripheral tissues to keep time, including in the lung (65). Under standard tissue cul-
ture conditions, the phases of individual cellular clocks are randomly out of phase with each other
(66, 67). For the molecular clock to be useful to organisms composed of billions of cells, cell-
autonomous clocks must somehow be aligned. In mammals, cellular clocks in the periphery are
kept in register by a small region of the ventral hypothalamus containing about 20,000 neurons
called the suprachiasmatic nucleus (SCN). The SCN receives afferent innervation about envi-
ronmental light levels from retinal ganglion cells through the retinohypothalamic tract, which
synchronizes the molecular clocks of the SCN cells via cAMP response element binding (CREB)
protein (68). These neurons in turn impart rhythmic behavior to other regions of the hypothala-
mus that regulate pituitary hormone secretion, temperature, autonomic tone, appetite, and arousal
(68).The resultant cues working in combination are thought to synchronize the individual cellular
clocks of peripheral organs (68). Lesioning the SCN renders mammals behaviorally arrhythmic
when they are deprived of light cues, while surgical implantation of an SCN from another organ-
ism is enough to restore these rhythms (69). Based on data from mouse liver and lung, 10–15%
of normally cycling transcripts can be directly driven by the SCN in the absence of a function-
ing local clock, including the clock gene per2 (70–72). For all of these reasons, the SCN is often
referred to as the master circadian pacemaker.

WHAT DO LUNGS USE TEMPORAL INFORMATION FOR?

One way to infer the role played by the molecular circadian clock in a given organ is to compare
its circadian transcriptome to that of other tissues. In the last five years, organ-specific atlases of
circadian gene expression that include the lung have been compiled for rodents, primates, and
postmortem human specimens (73–77). Overall, 5–20% of transcripts exhibit daily oscillation in
expression in any given organ, with 40–80% of all genes exhibiting daily rhythmic expression in
some mammalian tissue, depending on the species (73–77). Gauged in terms of the number of os-
cillating transcripts, the lung ranks as the third most rhythmic solid organ in mice, slightly behind
liver and kidney but significantly more rhythmic than the SCN, the master circadian pacemaker
(75). This kind of ranking probably understates the circadian character of tissues with high cel-
lular diversity such as the as the lung because cell type–specific signals are likely to be obscured.
Although clock genes exhibit conserved rhythmic expression in all organs, this tells us shockingly
little about what other genes will oscillate in any given tissue. For example, the lung circadian tran-
scriptome of healthy mice has only a 5–26% overlap with other mouse organs (75). The reasons
for why circadian transcriptomes are so context specific are incompletely understood but probably
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related to cell type–specific differences in chromatin accessibility such that different E-box motifs
are available to interact with BMAL1/CLOCK in different tissues (78). Additionally, circadian
clock proteins such as REV-ERBα can interact out of network with cell-specific transcription fac-
tors, for example, HNF6 in mouse liver, thereby conferring rhythmic activity on tissue-specific
gene expression (79). The key point is that the molecular clock does not dictate to cells a specific
temporal program in gene expression. Instead, cells harness the temporal information broadcast
by the circadian clock to temporally organize processes that are important to their specialized
function.

What then does the lung circadian transcriptome tell us about what clocks do in the respira-
tory system? Intriguingly, functional enrichment analyses suggested a role for the lung periph-
eral clock in innate and acquired immunity in mice, both in the healthy state and even in the
setting of systemic inflammation caused by endotoxemia (Figure 2) (80). This conclusion was
bolstered by informatic analyses of a human lung circadian transcriptome that was constructed
from biopsy samples using CYCLOPS, a novel machine-learning algorithm (73, 74). Among solid
organs in mice, the informatic connection between circadian gene regulation and immunity is ar-
guably most apparent in the lung.Moreover, several members of the lung circadian transcriptome
have straightforward clinical correlates: For example, IL18R1, RORα, and Clock are rhythmic in
mouse lung and were previously identified as asthma susceptibility loci in various clinical cohorts
(81–83). To summarize, the lung circadian clock appears to be specialized for imparting temporal
information to the immune response. In order to understand how circadian regulation relates to
immunity, we next explore the molecular anatomy of the lung peripheral clock and its properties.

WHAT DO WE KNOW ABOUT THE LUNG PERIPHERAL CLOCK?

Anatomically and physiologically, the lung is composed of two basic compartments: conducting
airways that condition the air and transport it to the organ interior and the alveolar space where gas
exchange occurs. Both compartments are by themselves complex composite structures, composed
of multiple cell types (84). Adding to the diversity, the lung is also a major immune organ, with
15–30% of nucleated cells being leukocytes (85, 86).

At the whole-organ level, clock gene expression is rhythmic in the lung and can be entrained
by universal cues such as food, glucocorticoids, and temperature (72, 87, 88). Autonomic tone
appears to be an additional synchronizing cue: In rats, vagotomy inhibits circadian rhythms in
mucus gland secretion (89). Although cortisol is a strong synchronizer in the lung, it appears to be
dispensable for maintaining oscillations in lung clock gene expression, consistent with the clock’s
cell-autonomous nature (90, 91). Like most peripheral organs, the lung clock is classified as a weak
oscillator in that it can be made to cycle at a relatively wide range of periodicities (20–28 h) (92).
Unlike in most organs, clock gene function in the lung is especially sensitive to aging. In one study,
lung explants taken from aged mice showed no spontaneous rhythms in per1 expression in 50%
of specimens, whereas other solid organs and the SCN were unaffected by old age (93). Lung cir-
cadian gene expression is accompanied by a lung circadian metabolome that includes polyamines,
nicotinamide, and purine nucleotide metabolites (80). Interestingly, the rhythm characteristics
of the lung circadian transcriptome and metabolome are tidally locked: Endotoxin exposure al-
most identically alters the periodicity and phase distribution of the circadian transcriptome and
metabolome in the mouse lung (80).

Based on traditional morphometry and contemporary single-cell RNA sequencing analysis, at
least 40 distinct cell types maintain lung architecture in both rodents and humans (84, 94, 95).
As such, there is enormous potential for cell-specific control of circadian regulation in the lung.
For example, the amplitude of clock gene expression is mechanosensitive but has opposite effects

www.annualreviews.org • Circadian Rhythms and Lung Immunity 397



PH82CH18_Haspel ARjats.cls January 20, 2020 14:27

Reactome: Adpative
immune system

Human lung Mouse lung

Reactome: cytokine
signaling in
immune system

Reactome: L1CAM
interactions

ZT 9–12

Reactome: PPARα gene
expression

Reactome: phospoholipid
metabolism

Reactome: fatty acid,
triacylgylceral and ketone
body metabolism

Reactome: generic
transcription pathway
Reactome: TGF-β receptor
complex

Reactome:
transcriptional activity
of SMAD2–4 heterodimer

Reactome: sphigolipid
metabolism

Reactome: signaling by
ERBB2

Reactome: antigen
processing, ubiquitin
proteasome degradation

ZT 12–15
KEGG: JAK-STAT
signaling
KEGG: ubiquitin-mediated
proteolysis
Reactome: class I MHC
antigen processing and
presentation

Reactome: immune system

Reactome: cell cycle
checkpoints

ZT 15–18

ZT 18–21

Reactome: cell cycle

Reactome: metabolism of
proteins

Reactome: cell cycle
mitotic
Reactome: mitotic M G1
phases

KEGG: olfactory
transduction

KEGG: systemic lupus
erythematosus

Daytime (ZT0–ZT12)

Nighttime (ZT12–ZT0)

Reactome: adaptive
immune system

Reactome: DNA
replication

ZT1

ZT23

ZT21

ZT19

ZT17

ZT15

ZT13

ZT11

ZT9

ZT7

ZT5

ZT3

ZT1

ZT23
ZT 3–7

KEGG: primary
immunodeficiency

KEGG: systemic lupus
erythematosus

KEGG: antigen processing
and presentation

KEGG: intestinal immune
network for IgA production

KEGG: allograft rejection

KEGG: asthma

KEGG: type I diabetes
mellitus

KEGG: graft-versus-host
disease
KEGG: cell-adhesion
molecules (CAMs)

KEGG: hematopoietic
cell lineage

ZT 4–8

ZT 6–10

ZT 9–13

KEGG: autoimmune
thyroid disease
KEGG: viral myocarditis

KEGG: T cell receptor
signaling pathway

KEGG: circadian rhythm

KEGG: spliceosome

KEGG: systemic lupus
erythematosus
KEGG: MAPK signaling
pathway

ZT 15–19

ZT 17–21

ZT 19–23

ZT 22–2

ZT 18–22

ZT 20–0KEGG: circadian rhythm

KEGG: valine, leucine, and
isoleucine degradation

KEGG: pathways in
cancer

KEGG: bladder cancer

KEGG: prostate cancer

(Caption appears on following page)

398 Nosal • Ehlers • Haspel



PH82CH18_Haspel ARjats.cls January 20, 2020 14:27

Figure 2 (Figure appears on preceding page)

Lung circadian gene expression is specialized for immune regulation. Depicted is a functional enrichment analysis of the human and
mouse lung circadian transcriptome synthesized from recently published data (74, 80). Enriched functional enrichment terms are
positioned along a 24-h time line expressed in units of zeitgeber time (ZT), where ZT0 represents the onset of daytime (yellow) and Z12
the onset of nighttime (blue). Functional enrichment terms relating to immune function are colored red. In both mice and humans,
immune pathways are predominantly enriched at the gene expression level during their respective natural rest phases.

in different lung cell types: Rigid extracellular environments damp clock gene rhythms in lung
epithelial cells but enhance their amplitude in fibroblasts (96). Immunofluorescence studies sug-
gested that clock protein expression was concentrated in airway epithelial cells in both humans
and rodents, with more spotty expression in alveolar spaces (97). Chemical ablation of club cells,
which is the predominant epithelial cell type in the mouse airway, was enough to eliminate circa-
dian rhythms in lung slices as judged by a common reporter system where the coding sequence for
luciferase is inserted into the per2 locus (97). Using the same assay, similar effects were produced
by deleting bmal1 specifically in airway epithelial cells (90). Together, these data were initially in-
terpreted to mean that airway epithelial cells serve as a kind of local circadian pacemaker within
the lung (97). This conclusion has been recently challenged by single-cell RNA sequencing data
suggesting that clock genes are expressed in diverse cell types in the lung (94, 95, 98). Moreover,
deletion of bmal1 in club cells does not abolish rhythmic clock gene expression in whole lung
extracts (72). Additionally, genetic deletion of the glucocorticoid receptor or double deletion of
rev-erbα and rev-erbβ in club cells had little effect on rhythms in the alveolar space as judged by
the per2-luciferase reporter assay (91, 99). More research is needed to settle whether the airway
epithelium provides an instructive role for lung circadian regulation as a whole. Regardless, it is
probably safe to assume that different lung parenchymal cell types will have distinctive circadian
transcriptomes that fit their specialized roles in respiratory physiology. At present, we have de-
tailed information about clock gene function in only one resident cell type in the lung: club cells,
which represent the predominant epithelial cell lining conducting airways in the mouse. In the
next section, we review emerging data suggesting a role for the airway epithelial clock in innate
immune responses.

THE AIRWAY EPITHELIAL CLOCK: HERALD OF INFLAMMATION

A relationship between circadian rhythms and immune function was first observed decades ago by
Halberg et al. (100), who noted that the degree of inflammation elicited by endotoxin depended
on when it was administered. Gibbs et al. (90) used inhaled endotoxin treatment to explore the
circadian influences in lung inflammation in mice. They found that airway inflammation in re-
sponse to endotoxin varied with the time of administration, as measured by neutrophil influx and
cytokine levels recovered in bronchioalveolar lavage (BAL) fluid. These investigators had previ-
ously shown that deleting bmal1 or rev-erbα resulted in excess cytokine secretion by macrophages
upon stimulation (101). However, conditional deletion of bmal1 in myeloid cells did not alter the
circadian response to inhaled endotoxin, contrary to expectation. Instead, temporal variation in
endotoxin responses were sensitive to bmal1 deletion in airway epithelial (club) cells (90). Airway
epithelial bmal1 deletion also produced a magnified inflammatory reaction to inhaled endotoxin
attributed to dysregulation of CXCL5 expression, a neutrophil chemoattractant. They showed
that bmal1 serves to target the glucocorticoid receptor to the cxcl5 promoter, thereby inhibiting
transcription of this gene during the night (90). These results were the first to pinpoint a role
for airway epithelial cells in temporally organizing acute airway inflammation. Recent work by
Zhang et al. (72) suggested that circadian clock function in airway epithelial cells is also needed to
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mitigate chronic inflammation even under basal conditions: Middle-aged mice bearing club cell
deletion of bmal1 spontaneously develop airway-centric fibrosis (72). To help explain why, the au-
thors generated circadian transcriptomes from microdissected airway epithelium obtained from
wild-type and club cell-conditional bmal1 knockout mice. Surprisingly, bmal1 deletion did not lead
to a loss of circadian gene expression in club cells, but rather a reprogramming of their circadian
transcriptome such that immune pathways such as antigen presentation became more enriched at
the expense of metabolic pathways (72). Interestingly, a similar proinflammatory reprogramming
of circadian gene expression was observed in whole mouse lungs after intraperitoneal injection of
endotoxin (80).More recently, circadian clock proteins such as Clock and REV-ERBαwere shown
to be rapidly depleted after endotoxin treatment, potentially due to proteasomal degradation (99,
102). It is tempting to speculate that airway epithelial cells are preprogrammed to initiate innate
immune activities, and this proinflammatory bias must be actively counteracted by normal circa-
dian clock function. This might help explain why diverse stimuli that disrupt or misalign circadian
rhythms in otherwise healthy organisms are quick to increase inflammatory markers (15, 16).

While circadian clock function in airway epithelial cells is important for regulating lung im-
munity, it is not the whole story. Studies in rev-erbα knockout mice showed that deletion in this
downstream effector of bmal1 also led to a loss of temporally gated neutrophil influx after inhaled
endotoxin (99). In contrast to bmal1 deletion, whose temporal gating activity localized to airway
epithelial cells in this model, the circadian actions of rev-erbα localized to myeloid cells, which
have a functional clock of their own (101). At first glance this is a confusing result, but it probably
reflects the holistic role biological timing plays in immunity. Inflammation is a complex process
involving a large and diverse cast of cells that must come together in the right places and at the
right times to protect the host. It is logical that circadian clocks in multiple cell types must coop-
erate to bring about an organized immune response to infection or sterile injury. In the case of the
myeloid cell autonomous clock, emerging research suggests a role for it in regulating leukocyte
trafficking, the subject of the next section.

CIRCADIAN LEUKOCYTE TRAFFICKING IN THE LUNG

Initial analyses of circadian gene expression in mouse lung noted that prototypical leukocyte lin-
eage genes (such as cd19 for B cells) are rhythmically expressed, reflecting oscillations in lung
leukocyte number (80). Importantly, rhythmic leukocyte trafficking in the lung is not unique to
the healthy state but occurs during systemic inflammation as well (80). It is worth mentioning
that rhythms in leukocyte trafficking are an organism-wide phenomenon in both mice and hu-
mans (103–105). They represent the sum of several independent processes, all of which appear to
be oscillatory in isolation (Figure 3), including the rhythmic release of cells from the bone mar-
row (106), rhythms in leukocyte homing to organs (104, 107), consumption by resident phagocytic
cells (108), and egress via tissue lymphatics to area lymph nodes (109). A common theme is that
the timing of leukocyte trafficking is a joint venture between circadian clocks in the leukocyte and
those in endothelial cells of peripheral organs, which together align the expression of receptor–
ligand pairs critical for trafficking steps (104, 107). Leukocyte abundance in the lung and other
peripheral organs peaks during the daytime in mice, representing the rest phase for this noctur-
nal animal. However, the key molecules involved in leukocyte trafficking rhythms appear to vary
depending on the leukocyte subtype and the destination organ.

Several recent publications have clarified the factors important for the lung homing. For
most leukocyte subsets, rhythmic homing to lung is dependent on the endothelial cell adhesion
molecules ICAM-1 and VCAM-1, the latter of which is expressed in a circadian manner (107).
On the leukocyte surface, CD49b, CD11a, and CXCR4 are important for homing to lung, all of
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Schematic depicting the circadian control of homeostatic leukocyte trafficking in the lung. The diagram is
synthesized from data in several recent publications detailed in this review (107–110). Cell-surface markers
important for rhythmic homing of leukocytes are depicted. Receptors whose cell surface expression oscillates
in a circadian manner are colored purple. Also depicted are genes important for rhythms in leukocyte
removal by interstitial phagocytic cells and for rhythmic homing to area lymph nodes.

which are expressed rhythmically (107).Cxcr4 is a direct transcriptional target of BMAL1/CLOCK,
whose engagement on the promoter of this gene requires ROS production (105). One exception
to the above mechanism is neutrophils, whose rhythmic homing is in sync with other leukocyte
cell types but employs a different mechanism based on aging. Neutrophils have a short life span
(about 1 day), and as they age they exhibit progressive cytoskeletal changes mediated by the loss
of CXCR2 signaling as well as depletion of cell-surface CD62L protein (110). Importantly, it is
the aged CD62Llow neutrophils that inhabit peripheral tissues during the nighttime in mice under
healthy conditions, including the lung (110). Deletion of bmal1 in neutrophils inhibits this aging

www.annualreviews.org • Circadian Rhythms and Lung Immunity 401



PH82CH18_Haspel ARjats.cls January 20, 2020 14:27

process because circadian clock function is needed to rhythmically transactivate cxcl2, which con-
tains an E-box and codes for the ligand of CXCR2 (110).Thus, in neutrophils, circadian homing to
lung and other peripheral tissues is driven by clock regulation of cytoskeletal alterations and aging
rather than through specific cell-adhesion molecules. Surprisingly, neutrophils may have an addi-
tional, potentially nonimmune role in regulating lung circadian gene expression. In a recent study,
depleting mice of their neutrophils produced a 25% reduction in the number of oscillatory tran-
scripts detected in the lung (111). Thus, immune trafficking appears to be both an outcome of cir-
cadian regulation and potentially a feedback regulator that informs temporal programs in the lung.

Once leukocytes arrive in peripheral organs they are cleared in a diurnal fashion by either
macrophage phagocytosis (108, 112) or migration to regional lymph nodes (109). It is unclear
from published data whether rhythms in lung phagocytosis are intrinsically clock driven or gov-
erned by the availability of leukocytes at any given time of day. In the lung, leukocyte clearance
appears to be performed by interstitial macrophages rather than alveolar macrophages. Factors
regulating phagocytic activity are tissue specific and, in the lung, involve the opsonin Mfeg8 and
the nuclear receptors LXRα/β (108). Lymphocyte trafficking from lung to lymph nodes has not
been specifically studied but is clock driven in other contexts and was shown to be mediated by
lymphocyte rhythms in CCR7 expression (109).

To summarize, data accumulated to date affirm an important role for circadian rhythms in
optimizing innate immune responses in the lung. The effects of clocks are evident at multiple
levels of the immune surveillance: from rhythms in leukocyte trafficking that provide surveillance
for pathogens, to inflammatory cytokine responses at epithelial sites of injury, and to immune cell
recruitment and clearance. It is no wonder that circadian rhythms appear to play a role in virtually
every lung disease where clock gene function has been examined.

CLOCKS AND LUNGS DISEASE

Asthma

Asthma is a heterogenous inflammatory disease of the airway that remains the most common
chronic disease of children in many Western countries (113). Increasingly, the disease is seen as
a collection of mechanistically distinct entities that converge on a common phenotype of airway
inflammation, remodeling, and episodic wheezing (113). Two clinical aspects tie diverse groups of
asthmatics together: the tendency toward nocturnal symptoms and the importance of either infec-
tious or allergic triggers in precipitating attacks. As such, recent efforts have focused on the role
circadian clocks play in the response to asthma triggers. Using a mouse parainfluenza virus model,
our group found that the amount of acute inflammation after viral challenge depends on the time
of inoculation (114). Disruption of circadian function by bmal1 deletion or chronic jet lag led to
exaggerated inflammation during acute viral illness. Deletion of bmal1 further induced elevated
parainfluenza virus replication in mice and in tissue culture cells (114, 115). The result was signif-
icantly worse asthmatic airway remodeling in bmal1-null animals (114). Collectively, these results
suggest a role for circadian rhythms in those aspects of asthma that relate to viral triggers. In con-
trast, clock gene deletion appears to have much less of an impact on allergen-induced lung disease
in mouse models. Myeloid deletion of bmal1 led to increased airway eosinophilia after allergen
challenge with ovalbumin (116) but in our hands did not exacerbate mucus metaplasia or other
overt signs of structural remodeling ( J. Haspel, unpublished observations). Similarly, ovalbumin
challenge of rev-erbα knockout mice did not yield worse lung remodeling compared to wild-type
littermates (99).The relative lack of phenotype inmodels of atopic asthma is surprising because al-
lergic symptoms in humans have a strong circadian character (117, 118). Common mouse models
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may be suboptimal for studying the circadian effects of allergic asthma because of species differ-
ences in adaptive immunity, the choice of standardized allergens, or the genetic background of the
animals (119).Nevertheless, circadian effects are likely to be of medical importance for both aller-
gic and nonallergic asthma. For example, administering inhaled corticosteroids at night appears to
achieve asthma symptom control with lower doses of drug, and enforcement of sleep hygiene may
improve nocturnal airway resistance in asthmatic adolescents (120, 121). Further examination of
how circadian clocks impact asthma phenotypes at a molecular level is warranted.

Smoking-Related Airway Disease

COPD is a chronic inflammatory airway disease usually associated with tobacco smoking that
shares overlapping clinical features with asthma, including a tendency to flare at night (122). Like
asthma, both COPD and passive secondhand smoke exposure are associated with an increased
circadian variation in airway resistance, suggesting a role for circadian clocks in smoking-related
lung disease (28, 29). In mice, chronic smoke exposure damps rhythmic bmal1 and clock gene ex-
pression and shortens the free-running periodicity of daily activity (123). One mouse-based study
examined how chronic smoke exposure affected the clinical severity of influenza A virus (IAV)
infection, a common seasonal trigger for COPD (124). They found that smoke exposure wors-
ened acute IAV respiratory infection and, importantly, this phenotype could be recapitulated in
the absence of smoking by deleting bmal1 (124). The authors interpreted these data to mean that
cigarette smoke produces a hyperactive inflammatory phenotype in airway epithelial cells through
suppression of clock gene function (124). Supporting this, Pariollaud et al. (99) showed that rev-
erbα knockout mice exhibited moderate mortality after a normally sublethal smoke exposure, and
this was associated with elevated lung CXCL1 levels. Taken together, mouse models imply that
circadian clock disruption may be an important cause of inflammation in tobacco users and may
contribute to respiratory decline in COPD patients.

Fibrotic Lung Disease

Pulmonary fibrosis represents a constellation of progressive lung diseases of unknown etiology
in which alveoli are replaced by collagen deposits and knots of proliferating fibroblasts (125).
It is controversial whether pulmonary fibrosis is an inflammatory disorder, as immunosuppres-
sants do not arrest disease progression in most patients (125). Recent theories suggest that
pulmonary fibrosis begins with a loss or dysfunction of type II pneumocytes (126), perhaps as a
function of aging (127). However, the most common murine model for lung fibrosis, bleomycin
instillation, does have a strong inflammatory component (128) and implicates circadian clocks
in this kind of pathology (129). Even under basal conditions, deletion or mutation of clock
genes in mice leads to spontaneous airway-centric fibrosis by middle age, which in the case
of bmal1 deletion can be traced to airway epithelial cells (72, 129). Treatment with bleomycin
leads to excessive fibrosis in circadian disrupted clockΔ19 mice, an effect attributed to diminished
expression of nrf2, a master regulator of antioxidant enzymes (129). Once a lung becomes fibrotic,
we know little about what happens to its peripheral circadian clocks. However, overexpression
of the profibrotic cytokine TGF-β in cell culture damps bmal1 expression rhythms (130), and
extracellular matrix rigidity appears to lower the amplitude of clock gene expression in airway
epithelial cells while enhancing rhythms in fibroblasts (96). Given this, fibrotic lungs are likely
to have an altered temporal landscape that may have implications for immune functions, such as
leukocyte trafficking, in these remodeled organs. Further research is needed to investigate this
possibility.
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Pneumonia

Given the role that lung peripheral clocks play in limiting airway inflammation, one might think
that clock disruption ought to mitigate severe respiratory infections such as pneumonia.However,
data from mouse models of bacterial and viral pneumonia suggest the opposite. In mice, pneumo-
coccal pneumonia severity varied with time of infection as measured by lung bacterial load and
lung neutrophilia (90). Deletion of bmal1 from airway epithelial cells significantly increased lung
neutrophils in infected animals, but this did not result in better bacterial clearance (90). Why in-
creased neutrophilia did not translate into better bacterial control is unclear. In principle, it may
mean that airway clock deficiency impedes the initial recognition of bacteria by lung innate de-
fenses, the local milieu produced by defective airway clocks negatively affects neutrophil function,
or simply that neutrophil number is already saturating in mouse models of pneumococcal pneu-
monia and additional neutrophil recruitment is redundant.

Circadian rhythms in viral respiratory illness have so far been examined in mice for parain-
fluenza virus, which produces bronchiolitis, and for IAV, an important cause of pneumonia in
humans. With either virus, acute inflammatory responses, but not the peak viral load, vary with
the time of inoculation in wild-type mice (114, 131). Similarly, bmal1 deletion worsens acute lung
injury and lung inflammation in response to parainfluenza or IAV (114, 124, 131), which in the
case of IAVmay bemediated specifically by a disrupted airway epithelial clock (72).Where parain-
fluenza and IAV diverge is in the effect that bmal1 deletion has on viral replication.Deletion of this
key clock gene raises parainfluenza viral titer by 0.5–1 log during acute infection (114), whereas
investigators differ on whether bmal1 regulates IAV viral load (131, 132). Moreover, the duration
of IAV illness in bmal1 knockout mice appears to be significantly prolonged (72, 114, 124, 131),
suggesting that circadian clocks may play a role (immunologic or otherwise) in the resolution of
viral pneumonia.

A feared complication in pneumonia survivors is the development of chronic lung disease, a
major source of disability and medical costs in patients. Relevant to this, certain mouse strains are
prone to chronic, inflammatory lung pathology after parainfluenza or IAV infection, although the
histologic picture produced by each virus is different (133, 134).With either virus, deleting bmal1
seems to enhance the amount of chronically remodeled lung tissue postinfection (Figure 4). At
present, relatively little is known about how the immune system contributes to the restoration of
lung architecture after pathogen clearance has been achieved, but the fact that circadian regulation
may be involved represents an important consideration for future study. To summarize, there is
strong evidence from animal models that circadian regulation within the lung is important for the
immunologic control of acute lung infection and the likelihood of developing chronic lung disease
in its aftermath. As with pulmonary fibrosis, any postinfectious remodeling of lung architecture is
likely to impose a novel circadian landscape that departs from what has been observed in healthy
mice and represents an important area for future study.

Lung Cancer

Environmental disruption of circadian rhythms through chronic shift work is statistically asso-
ciated with a variety of cancers, and small-molecule REV-ERB agonists were recently shown to
have general antitumor activity (135, 136). Focusing on immunologic circadian rhythms within
the lung, recent evidence suggests a role for clocks in the control of metastatic tumor burden.
Subjecting rats to chronic jet lag increased lung metastatic burden in a model of mammary cell
adenocarcinoma, an effect attributed to disruptions in the normal rhythms of natural killer cell
cytolytic activity (137). In a melanoma model, lung metastatic tumor burden exhibited a circa-
dian rhythm based on the time that the cancer cells were administered to mice (111). Importantly,
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Figure 4

Clock gene bmal1 regulates post-viral chronic lung disease in mice. Mice were intranasally infected with 105 pfu of mouse parainfluenza
virus (SeV; a–c) or 5 pfu of influenza virus [influenza A virus (IAV) strain A/WS/33 H1N1; d–f ] and PAS-stained histological sections
were prepared 49 days or 21 days postinfection, respectively. (a,b) SeV-infected wild-type (wt) and bmal1-knockout (ko) mouse lungs,
respectively, as described in our previous report (114). (d,e) IAV-infected mice wt and bmal1-ko mouse lungs, respectively.
Morphometric quantification of lung remodeling after SeV or IAV infection based on bmal1 genotype (mean ± SE) is provided in
panels c and f, respectively (∗p < 0.05, student’s 2-tailed t-test).

these rhythms could be eliminated by deleting bmal1 in neutrophils (111). Taken together, circa-
dian clock function within at least two innate immune effector cells appears to be relevant for the
establishment of cancer within the lung, although the specific mechanisms involved appear to be
context specific. At present, it is unknown whether circadian clocks intrinsic to adaptive immune
cells play a role in lung cancer. However, a recent article implicated bmal1 in the downregula-
tion of programmed death-ligand 1 (PD-L1) on macrophages, an important immune checkpoint
molecule (138). Deleting bmal1 in myeloid cells led to increased PD-L1 levels and promoted im-
mune exhaustion in a mouse model of bacterial sepsis (138). Extrapolating these results to cancer,
it is tempting to speculate that circadian regulation could be exploited to enhance the efficacy of
immunotherapy, especially in lung cancers where PD-L1 expression is known to be variable (139).

FUTURE DIRECTIONS

Over the last five years we have begun to understand how the respiratory system uses temporal
information generated by the circadian clock to organize homeostatic immune responses. Immune
functions tied to circadian rhythms in the lung to date include the initial detection of pathogens
or tumor cells, the initiation of innate immune responses though inflammation, and the orderly
control of leukocyte trafficking. Lung circadian rhythms in all their diversity appear to be a tale
of many clocks, and specific contributions have now been tied to local clock activity within airway
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epithelial cells, endothelial cells, and various leukocyte clocks. For all of the progress made on
this topic in the last half decade, unknowns still far outweigh the knowns. We know from clinical
experience that acquired immune reactions such as allergies have strong daily rhythms in humans,
as do vaccine responses (11, 140), but thus far we know little about how circadian clocks or specific
clock proteins within the adaptive immune system might contribute to this. The lung contains a
great diversity of cell types that are physiologically and clinically important but whose circadian
organization remains unexplored, for example, type II pneumocytes, alveolar macrophages, and
airway smooth muscle. What we know so far about circadian rhythms in different lung cell types
suggests they may be interdependent to a degree. As such, it must be remembered that the usual
practice of conditionally knocking out clock genes in a specific cell type has the potential to obscure
as well as to clarify.We may need the application of new experimental approaches, such as single-
cell expression profiling, to deconvolute the myriad circadian programs at work within the lung.
At present, this technology provides a reading depth in the range of thousands of reads per cell,
while high-fidelity circadian rhythm detection requires on the order of 20 million reads (141), so
additional technical development will be required.Finally,while we now have detailed information
on lung circadian gene expression in healthy mice and even humans, we know very little about the
temporal programs in chronic lung disease.We also have little information on how chronological
age affects circadian gene expression programs. We suspect that the chronically diseased lung
may use temporal information generated by circadian clocks very differently and that age is also
likely to be an important factor. Understanding the temporal architecture unique to lung disease
represents an important path for further study and one that promises to yield valuable insights
into respiratory disease and overall human health.
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